There is limited data on the spectrum of molecular alterations in goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids of the appendix. We used next generation sequencing to determine mutations of potential pathogenetic and therapeutic significance in this rare group of tumors. Adequate DNA was successfully extracted in 34/46 cases and the final group included 18 goblet cell carcinoids and 16 adenocarcinoma ex goblet cell carcinoids. Illumina TruSeq™ was used for sequencing exons of a custom 282 gene panel using an Illumina HiSeq 2000. All cases had a minimum coverage depth of at least 50 reads. After filtering through the Exome Sequencing Project, the number of mutations per case ranged from 0-9 (mean:3). The mutational burden in adenocarcinoma ex goblet cell carcinoids was significantly higher than goblet cell carcinoids (mean 5 vs. 3; p < 0.05) but the spectrum of alterations overlapped between the two groups. The most frequent mutations included ARID1A (4/34), ARID2 (4/34), CDH1 (4/34), RHPN2 (4/34), and MLL2 (3/34). Some mutations typically seen in conventional colorectal adenocarcinomas were also identified but with much lower frequency (APC :4/34; KRAS :2/34). MLL2 and KRAS mutations were only seen in adenocarcinoma ex goblet cell carcinoids and TP53 mutations were limited to poorly differentiated adenocarcinoma ex goblet cell carcinoids (2/34). Copy number changes could be evaluated in 15/34 cases and showed low copy number gains in CDKN1B (6/15) and NFKBIA (6/15), among others. The overlapping molecular alterations suggest that goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids are best considered two grades of differentiation of the same tumor rather than two distinct histological types. Mutations in TP53, CDH1 and MLL2 mutations were predominantly present in the adenocarcinoma ex goblet cell carcinoid group consistent with transformation to a higher grade lesion. The unique mutational profile also offers an explanation for the poor chemosensitivity in these tumors and highlights the need for developing new targeted therapies.
Introduction
Goblet cell carcinoids are rare primary appendiceal tumors described previously under various names such as mucinous carcinoid tumors, mixed crypt cell carcinoma, adenocarcinoid-goblet cell type and microglandular goblet cell carcinoma [1] . Goblet cell carcinoids show both glandular and neuroendocrine differentiation and are distinct from typical carcinoids and conventional adenocarcinomas of the gastrointestinal tract [2, 3] . At one end of the morphological spectrum, recognized as goblet cell carcinoid, the tumor consists almost entirely of infiltrating tubular glands with goblet cells, endocrine cells and Paneth cells, in varying proportions, recapitulating the constituents of a normal colonic crypt. At the other end, a high-grade signet-ring cell or poorly differentiated adenocarcinoma component is seen admixed with typical goblet cell carcinoid-like areas. It is unclear whether adenocarcinoma ex goblet cell carcinoid and goblet cell carcinoid represent two distinct histological subtypes, as the current nomenclature suggests, or two grades of differentiation of the same tumor with shared pathogenetic pathways. In the absence of robust molecular data to guide therapy, current protocols for treating these tumors vary but in most cases follow protocols similar to conventional colorectal adenocarcinomas [4] . 5-FU-based regimens are often used for treatment and some recent studies have also proposed use of cytoreductive surgery and hyperthermic intraperitoneal chemotherapy for advanced adenocarcinoma ex goblet cell carcinoids [5] . This highlights the need for molecular data of possible pathogenetic and therapeutic significance for this unique group of tumors. Two prior studies have reported that goblet cell carcinoids have a molecular phenotype distinct from typical carcinoid tumors and from conventional adenocarcinomas of the appendix, citing the decrease in NALP1 (also known as NLRP1) expression and LOH of chromosomes 11q, 16q and 18q in goblet cell carcinoids [6, 7] but neither study differentiated adenocarcinoma ex goblet cell carcinoids from goblet cell carcinoids.
In this study, we used next generation sequencing to evaluate the molecular profile of a series of morphologically well-characterized goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids to determine: (1) whether goblet cell carcinoid and adenocarcinoma ex goblet cell carcinoid share a similar spectrum of molecular abnormalities or represent distinct groups at the molecular level; (2) whether the genetic alterations present in adenocarcinoma ex goblet cell carcinoid overlap significantly with conventional colorectal adenocarcinomas; (3) and whether any mutational targets of therapeutic significance can be identified in these tumors.
Materials and methods
The surgical pathology files of participating institutions were searched for cases diagnosed as "Goblet cell carcinoid", "Mixed adenoneuroendocrine carcinoma", "Mucinous Carcinoid Tumor" and "Adenocarcinoma ex goblet cell carcinoid". Cases for which H&E slides as well as paraffin blocks were available for review and additional work up were included in the study. All slides were then reviewed by two study pathologists (JM, AS) to separate the tumors into a goblet cell carcinoid or adenocarcinoma ex goblet cell carcinoid (Fig. 1a-c) . Goblet cell carcinoids were defined as lesions with well-formed glandular structures that recapitulated constituents of a normal colonic crypt with goblet cells, neuroendocrine cells, or Paneth cells. Tumors in this group showed a low nuclear:cytoplasmic ratio and only a Fig. 1 All tumors analyzed in the study were classified by two study pathologists into one of three groups using the classification previously proposed by Tang et al. Pure goblet cell carcinoids (a) recapitulated the constituents of a normal colonic crypt with goblet cells, neuroendocrine cells, or Paneth cells while those classified as adenocarcinoma ex goblet cell carcinoid showed either a significant (>50%) component of signet ring cell carcinoma (b) or a non-gland forming conventional poorly differentiated adenocarcinoma (c) mild to moderate degree of nuclear atypia. Tumors with pools of extracellular mucin but with retained glandular tumor architecture, as described above, and absence of any floating strips or sheets of neoplastic epithelium and/or high-grade nuclear atypia were considered acceptable for the goblet cell carcinoid category in this study. In contrast, tumors with a clearly defined signet-ring-cell component or a poorly differentiated adenocarcinoma component composed of non-gland forming aggregates or sheets of neoplastic cells with high-grade nuclei or tumors resembling conventional mucinous colorectal adenocarcinoma were all classified as adenocarcinoma ex goblet cell carcinoid. The adenocarcinoma component in all cases in the adenocarcinoma ex goblet cell carcinoid group comprised at least 50% or more of the entire tumor, to enable macrodissection and DNA extraction without risk of contamination from the goblet cell carcinoid-like component. However, a minor, definitive goblet cell carcinoid component was required to be present in all adenocarcinoma ex goblet cell carcinoid cases sequenced for the study, as was the lack of a precursor conventional adenoma involving the appendiceal mucosa. The adenocarcinoma ex goblet cell carcinoid group was not further sub-classified into signet-ring-cell and poorly differentiated adenocarcinoma, as proposed by Tang et al. due to the small number of cases and hence the low likelihood of finding significant molecular differences between these two subgroups. Immunohistochemical data for neuroendocrine differentiation (synaptophysin and/or chromogranin) was available in eight goblet cell carcinoids and 8 adenocarcinoma ex goblet cell carcinoids and focal positivity for at least one marker was present in 15/16 cases.
Additional sections were cut and the last section stained with hematoxylin and eosin to ensure tumor adequacy for DNA extraction. Tumors with <20% cellularity were excluded from further analysis. The area of highest tumor percentage was then selected for macrodissection from ten unstained 4-μm tissue sections using a razor blade. DNA was isolated using a Qiasymphony (Qiagen, Valencia, CA) automated DNA extractor according to the manufacturer's recommendations. All cases with at least 50 ng of DNA were sequenced.
Somatic mutations in the tumor DNA were detected by Illumina HiSeq using the exome-sequencing platform OncoPanel in the CLIA-certified Center for Advanced Molecular Diagnostics laboratory at BWH [8] . The OncoPanel assay detects mutations in 282 cancer associated genes and is enriched for genes with known pathogenetic and therapeutic significance (Suppl Table 1 ). All detected variants with a minimum coverage depth of at least 50 reads were filtered for known SNPs (single nucleotide polymorphisms) using the Exome Sequencing Project databases. A subsequent search in COSMIC and Pubmed for known pathogenic variants was performed to rule out passenger mutations. Clinical data including age, gender and patient outcome data were retrieved by medical chart review. Pathologic data including TNM (Tumor, Node, Metastasis) stage was also recorded for each case using a combination of slide and medical chart review. Statistical analysis was performed using the Student t test to detect significance of observed differences between groups. The study was approved by the Institutional Review Boards of all the participating institutions.
Results

Study group
A total of 142 cases were retrieved from the initial archival search. Of these, 46 tumors with additional tissue (either paraffin blocks or unstained slides), sufficient tumor percentage (>20%) and adenocarcinoma ex goblet cell carcinoid component (>50%) were selected for macrodissection and DNA extraction. Three cases failed DNA extraction while another nine had less than the required minimum number of 50 reads for quality control and were excluded from the study. The final study group consisted of 34 patients (16 male; 11 female; 7 consultation cases with missing gender information) ranging in age from 36-73 years (mean age: 54 years) and included 18 goblet cell carcinoids and 16 adenocarcinoma ex goblet cell carcinoids. The mean age of patients with goblet cell carcinoid was slightly younger (53 years) than those with adenocarcinoma ex goblet cell carcinoid (56 years) but this difference was not statistically significant (p = 0.3). Both groups showed a slight male predominance (goblet cell carcinoid:ten males, six females; adenocarcinoma ex goblet cell carcinoid: six males, five females). Complete AJCC Classification (8th edition) TNM staging information was available for 21 of the 34 cases. The majority of tumors in both groups were deeply invasive T3 (goblet cell carcinoid: seven; adenocarcinoma ex goblet cell carcinoid: seven) or T4 (goblet cell carcinoid: four; adenocarcinoma ex goblet cell carcinoid: three) lesions. Nodal metastasis was present in only one goblet cell carcinoid in contrast to seven adenocarcinoma ex goblet cell carcinoids that showed either nodal (n=4) or distant metastasis (n=3) at initial presentation. Clinical outcome data was available for 21/34 patients (goblet cell carcinoid = 12; adenocarcinoma ex goblet cell carcinoid = 9) and follow up duration ranged from 3 to 341 months (mean: 102 months). Two patients with adenocarcinoma ex goblet cell carcinoid and four with goblet cell carcinoid died of disease within 1 to 5 years from the date of initial diagnosis. Six of 12 patients in the goblet cell carcinoid group were alive with no evidence of disease at last follow up while two died of unrelated causes. Five of the nine patients in the adenocarcinoma ex goblet cell carcinoid group were alive with disease and two were alive with no evidence of disease at last follow up. The clinical and demographic data of the entire study group is summarized in Table 1 .
Pathology review
Two GI pathologists (JM and AS) reviewed all cases to ensure morphological consensus regarding tumor classification using the criteria described in the methods section above. In view of the relatively low number of adenocarcinoma ex goblet cell carcinoid (n = 16) with adequate DNA for sequencing these tumors were not further subclassified into signet-ring cell or poorly differentiated subtypes as proposed in the classification by Tang et al. and were considered as a single group when comparing molecular alterations in pure goblet cell carcinoids to those classified as adenocarcinoma ex goblet cell carcinoid. The overall tumor cellularity was also estimated in all cases by one of the authors (MEJ) on the slides that were used for macrodissection and DNA extraction. The unique growth pattern of these tumors and presence of a dominant stromal component made it difficult to macrodissect areas with very high cellularity and in most cases the cellularity ranged from 20-30%.
Mutational analysis
At least one mutation was identified in 33/34 tumors analyzed in the study with a range of 0-6 mutations in the goblet cell carcinoid group and 1-9 in the adenocarcinoma ex goblet cell carcinoid group. Overall, the mean number of mutations was significantly more in the adenocarcinoma ex goblet cell carcinoid compared to the goblet cell carcinoid group (5 vs. 3; p = 0.01). A complete list of specific gene mutations found in these tumors is included in Supplementary Table 2 .
Multiple low frequency mutations in several genes were present in both goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids. These included ARID2, ARID1A, APC, CDH1, RHPN2, ATRX, ALOX12B, MECOM, PALB2 and PIK3R1 (Fig. 2 ), all at allelic frequencies consistent with the estimated tumor percentage. A specific novel RHPN2 (p.L385I) missense mutation was present in two goblet cell carcinoids and two adenocarcinoma ex goblet cell carcinoids. In one case, we were able to macrodissect and analyze both the pure goblet cell carcinoid and adenocarcinoma ex goblet cell carcinoid components separately and a TCF7L2 alteration was seen in both the adenocarcinoma ex goblet cell carcinoid and the goblet cell carcinoid component, confirming that the two components were clonally related to each other.
Mutations present exclusively in the goblet cell carcinoid group included SOX9, AR, PRPF8, ABL1, CARD11, CHEK2, CREBBP, CRKL, CYLD, DNMT3A, EGFR, ERCC2, ESR, ETV1, FANCA1, FUS, GATA3, GNAQ, INSIG1, JAK2, KDM6B, MLH1, MSH6, NTRK1, PDGFRA, SUFU, SUZ12 and MSH2 (Fig. 2) . No family or personal history was available for the patient with MSH2 mutation to determine whether this was a somatic mutation or a manifestation of Lynch syndrome.
In contrast, mutations seen exclusively in the adenocarcinoma ex goblet cell carcinoid group included BRCA2, MLL2, BCORL1, BLM, DMD, GNAS, KRAS, TP53, BCL6, BRAF, BRCA1, BRD4, BUB1B, CDK1, CDK6, CRTC2, CSF1R, DICER1, EP300, ERBB4, ERCC4, FANCG, FLT1, FLT4, GLI2, HNF1A, KDM6A, KDR, NFKBIZ, NPRL2, PARK2, PHF6, PMS1, PRAME, PTPRD, RARA, RECQL4, SMAD2, SMAD4 and TET2 (Fig. 2) . As mentioned above, we did not compare mutational profiles separately in the signet ring cell and poorly differentiated subgroups of adenocarcinoma ex goblet cell carcinoid because of the low number of cases in each subgroup. However, it is interesting to note that all KRAS, BRAF and TP53 mutations found in our study were present in the poorly differentiated adenocarcinoma ex goblet cell carcinoid subgroup of tumors.
Copy number changes
Copy number changes were evaluated in only 15/34 cases since the tumor percentage was too low in the remaining cases for an accurate determination. Copy number analysis was performed on five goblet cell carcinoid and ten adenocarcinoma ex goblet cell carcinoids with sufficient tumor cellularity for this analysis. The mean number of copy number changes was 6 in the adenocarcinoma ex goblet cell carcinoid group and 5 in the goblet cell carcinoid group (p = 0.7). Three of five pure goblet cell carcinoid tumors and all adenocarcinoma ex goblet cell carcinoids showed low level copy number gains involving CDKN1B, CDK4 and CDK2, and also of two genes on chromosome 1(ID3 and MCL1) and one gene on chromosome 4 (NFKBIA). No copy number deletions were identified in any of the 15 cases evaluated including on chromosome 17p, that contains the NALP1 gene previously reported to have decreased expression in goblet cell carcinoids [7] . The OncoPanel platform gene panel does not include NALP1 and mutations in this gene could not be analyzed.
Discussion
In this study, we used next generation sequencing to characterize the genetic landscape of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids and found largely overlapping molecular signatures in the two groups ( Fig. 3 ) with mutations in chromatin remodeling genes being the most prevalent abnormality. Mutations found in these tumors were significantly different from those described previously in typical intestinal carcinoids [6] , mucinous appendiceal neoplasms [9] and conventional colorectal adenocarcinomas. Moreover, the mutation frequency was also much lower than usually found in sporadic colon cancers. The Cancer Genome Atlas study reported APC and CTNNB1 mutations in >80% of all colorectal carcinomas [10] . In contrast, APC mutations were detected in <15% of tumors in our study and no CTNNB1 mutations were identified. Overlapping mutations in ten genes, including ARID1A and ARID2, CDH1, and a novel missense mutation in the RHPN2 gene (p.L385I), among others, were present in both of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids. This provides molecular evidence to support the hypothesis that goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids are best considered two grades of differentiation of the same tumor rather than two distinct histological types. This is further supported by the presence of a TCF7L2 mutation in both the goblet cell carcinoid and the adenocarcinoma component of an adenocarcinoma ex goblet cell carcinoid, and the fact that the average mutational burden was significantly higher in adenocarcinoma ex goblet cell carcinoids compared to goblet cell carcinoids. In addition, mutations involving KRAS, BRAF and TP53, characteristic of colorectal adenocarcinomas, were present in low frequency and only in the poorly differentiated adenocarcinoma ex goblet cell carcinoid subgroup of tumors. This favors the concept of multiple sequential genetic hits leading to the development of a higher grade malignancy. In the study by Tang et al. adenocarcinoma ex goblet cell carcinoids that were categorized as either group B or C based on signet-ring cell or poor differentiation, respectively, behaved far more aggressively than the group A tumors that were similar to the "pure" goblet cell carcinoids included in our study [10] . The 5-year survival, in their study, was 100% for Group A, 36% for Group B, and 0% for Group C tumors in the Tang et al. study. This classification scheme was also applied in a Danish cohort of 83 patients and found to be prognostically useful but on regression analysis only Stage IV disease, focal synaptophysin positivity and non-radical surgery were found to be independent negative prognostic factors [11] . The morphological distinction of goblet cell carcinoids from adenocarcinoma ex goblet cell carcinoids, therefore, clearly has prognostic significance but implies two distinct histological types, with adenocarcinoma ex goblet cell carcinoid being adenocarcinomatous transformation of a neuroendocrine tumor rather than two grades of differentiation of the same tumor type. Others have attempted to morphologically distinguish the likelihood of aggressive behavior in these unique tumors by quantifying the proportion of adenocarcinoma-like component, into <25%, 25-50% and >50% categories [12] . Our data suggest that this classification more accurately reflects the underlying biology of the tumor by considering them to be part of the same continuum but may, at times, be difficult to apply in practice. Goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids are staged like colorectal adenocarcinomas and not like typical appendiceal carcinoids but the use of "carcinoid" often causes confusion among oncologists as to the choice of chemotherapy in these patients. In current practice, most adenocarcinoma ex goblet cell carcinoids are treated similar to conventional colorectal adenocarcinomas with 5-FU-based chemotherapy but the outcomes are poor [4, 13] . This is not surprising given the molecular findings reported in our study since mutations commonly seen in colorectal cancers, such as APC, BRAF, KRAS and TP53 occurred at a much lower frequency in these tumors as did GNAS mutations that have been described in a high proportion of mucinous adenocarcinomas of the appendix [14] .
Previous molecular analyses of goblet cell carcinoids have mostly interrogated a single gene or a limited panel of genes with the focus largely on exploring differences from typical intestinal carcinoids. Expression of the apoptotic marker NALP1 was reported to be decreased in goblet cell carcinoids compared to typical carcinoid tumors and LOH on chromosomes 11q, 16q and 18q has been reported to distinguish goblet cell carcinoids from typical carcinoids [7] . The contradictory findings reported in literature regarding lack of SMAD4, KRAS or TP53 mutations in these tumors [6] and TP53 mutations being present in up to 25% of goblet cell carcinoids [15] are most likely related to the proportion of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids included in these studies, as well as the histological criteria used to make the distinction between the two groups. In our study, using a 282 gene panel, mutations in chromatin remodeling genes ARID2 and ARID1A, were found in a relatively high proportion of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids. ARID2, located on chromosome 12 (12q13.11) encodes a subunit of the PBAF SWI/SNF chromatin remodeling complex while ARID1A encodes a subunit of the BAF SWI/SNF complex. Mutations in ARID2 have been reported recently in hepatocellular and renal cell carcinomas [16, 17] while ARID1A mutations have been reported in gastric, esophageal [18] and ovarian carcinomas [19, 20] and also at a much lower frequency in colorectal adenocarcinomas [21, 22] . Similarly, mutations in the subunits of the SWI/SNF chromatin remodeling complex spanning about 20 genes have been reported in almost a third of all gastric carcinomas [22] . Taken together, this suggests a role for epigenetic modification in the early stage of tumorigenesis of goblet cell carcinoids followed by additional hits, such as TP53 or CDH1, that lead to transformation into a poorly differentiated or signetring-cell type adenocarcinoma ex goblet cell carcinoid. Mutations in ARID2 and ARID1A may also be of therapeutic relevance since EZH2 inhibitor based combination drug strategies have been recently proposed for carcinomas with ARID1A and other SWI/SWF chromatin remodeling complex gene mutations [23] . The rare adenocarcinoma ex goblet cell carcinoids with the BRAF V600E mutation may also be potentially targetable by vemurafenib.
CDH1 mutations have also not been reported in ileal carcinoids or in goblet cell carcinoids but both tumors show LOH of 16q with loss of the 16q21-q24.2 locus that harbors the tumor suppressor genes CTCF and E-cadherin/CDH-1. [6] CDH1 mutations are frequently found in gastric [24] and breast carcinomas [25] and it is not entirely surprising that we found similar mutations in adenocarcinoma ex goblet cell carcinoids because the Group B tumors in the Tang classification show a discohesive, single cell infiltrative growth pattern much like lobular breast cancer and diffuse type gastric cancer. Clusters of tumor cells in goblet cell carcinoids streaming through the muscularis propria may mimic signet ring cell carcinoma and lead to erroneous upgrading as adenocarcinoma ex goblet cell carcinoid on morphology. It is tempting to speculate that Ecadherin immunohistochemistry might be helpful in this scenario but given the low prevalence of CDH1 mutations in adenocarcinoma ex goblet cell carcinoids found in our study, intact membranous staining for E-cadherin cannot be used to exclude a diagnosis of adenocarcinoma ex goblet cell carcinoid with certainty.
Similar to CDH1, MLL2, also known as KMT2D, has not been reported previously in either ileal carcinoids or goblet cell carcinoids and is a gene that encodes a histone methyltransferase and is located very close to ARID2 on chromosome 12 (12q13.12). It has been implicated recently in numerous malignant tumors [26] including non-small cell lung cancers, head and neck carcinomas and lymphomas. A recent study [24] also found mutations in MLL2 to be typically paired with ARID1A mutations in gastric carcinomas. While both MLL2 and ARID1A mutations were identified in our study, we did not find any tumor with concurrent MLL2 and ARID1A mutations.
In summary, our study provides molecular evidence that goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids are indeed unique tumors distinct from both typical carcinoids and conventional colorectal adenocarcinomas. The overlapping mutational profile of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids suggests that they are best considered a single tumor type with varying grades of differentiation rather than two distinct histological subtypes. Our findings also indicate that the poor response of these tumors to 5-FU based chemotherapy is related to the low frequency of mutations, such as APC, KRAS, BRAF and TP53, that are typically prevalent in colorectal adenocarcinomas. Sequencing data can be helpful in guiding choice of targeted chemotherapy, when indicated, in patients with of goblet cell carcinoids and adenocarcinoma ex goblet cell carcinoids.
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